ABSTRACT. Recently, the number of Aedes aegypti foci has increased in west of Santa Catarina, south Brazil, which has increased concern regarding mosquito-borne disease outbreaks such as dengue fever, Zika virus, and chikungunya. Therefore, it is important to monitor genetic resistance to insecticides through "knockdown resistance". Homozygosity (Ile/Ile) at position 1016 in the coding region of a voltage-dependent sodium channel gene (Na v ) may induce resistance to pyrethroid insecticides. We evaluated the frequency of these alleles in A. aegypti in west Santa Catarina. In total, 349 specimens were obtained from the microregions of Joaçaba (31), Concórdia (35), Chapecó (154), and São Miguel do Oeste (129). We found that 109 individuals (31.0%) were homozygous for Val/Val, 102 (29.0%) were heterozygous for Val/Ile, and 138 (40.0%) were homozygous for Ile/Ile. The allele frequencies were similar for Val (0.455) and Ile (0.545). Joaçaba and Concórdia had the highest mutant allele frequencies (0.825 and 0.685, respectively). Therefore, these populations should be monitored for increases in pyrethroid resistance. The São Miguel do Oeste and Chapecó populations had similar frequencies of Val and Ile and were not in Hardy-Weinberg equilibrium, suggesting that a selection pressure or other evolutionary force has occurred. In conclusion, the observed frequency of Ile/Ile homozygous individuals in the region studied requires attention, because the implementation of controls using pyrethroid may increase the frequency of the mutant allele through the selection of resistant populations.
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INTRODUCTION
The Aedes aegypti mosquito is an important vector of arbovirus infections such as dengue fever, chikungunya, Venezuelan equine encephalitis, Mayaro, yellow fever, and Zika virus, and is abundant in urban areas. The proliferation of this insect is often related to the urbanization process, which allows the creation of peripheral zones with a poor basic sanitation infrastructure or improper waste disposal. Following rainfall, such waste can become a breeding ground for the mosquito (Marcondes and Ximenes, 2015) .
In Brazil, the three main arbovirus infections related to this vector in terms of case number and severity are dengue fever, chikungunya, and more recently, the Zika virus (Marcondes and Ximenes, 2015) . In 2015, approximately 20,500 suspected cases of chikungunya and 1.6 million probable dengue cases were registered, representing a record for this disease in the country (Honório et al., 2015) . In April 2015, the autochthonous transmission of the Zika virus was confirmed, and up to April 2016, the transmission was confirmed in 22 Brazilian states with approximately 91,000 suspected cases (Brasil, 2016) .
Arbovirus diseases have a large negative impact on Brazil's public health due to increased morbidity and mortality, which are dependent on the population profile (Lopes et al., 2014) . Despite the recent development of a vaccine for three subtypes of dengue virus (DENV) (Villar et al., 2015) , the control of the vector population is the preferred disease control method. Currently, this is performed using insecticides that are mainly from the organophosphate and pyrethroid classes (Macoris et al., 2014) .
However, when insecticides are used to control A. aegypti, they select for resistant populations over time, making effective control of these disease vectors further difficult (Chediak et al., 2016) . The ability of individuals of a particular species to tolerate higher insecticide dosages, which are often lethal to the majority of individuals, is a physiological phenomenon known as species resistance. Genetically, this phenomenon is characterized by an increase in allele frequencies in a population as a direct result of the selection effects caused by pesticides (Braga and Valle, 2007a) .
Among the biological changes associated with insecticide resistance, increases in the insect's metabolic rate and changes in insecticide target sites are the most frequent. The latter occurs because of one or a series of mutations, and is known as "knockdown resistance" (kdr). One such effect in A. aegypti occurs through mutations in the coding region of a voltagedependent sodium channel gene (Na v ), which directly affects the insect's nerve cells, leading to their failure to repolarize and subsequent death (Ishak et al., 2015) .
Many medically important mosquito species, including Anopheles gambiae, Culex pipiens, Culex quinquefasciatus, and A. aegypti, have kdr mutations. Several punctual mutations are associated with this phenomenon, such as the L1014F polymorphism in A. gambiae (Martinez-Torres et al., 1998) and C. pipiens (Martinez-Torres et al., 1999) , and the L1014S polymorphism in C. pipiens (Martinez-Torres et al., 1999) .
Several mutations related to kdr have been described in A. aegypti, for example V1016I, I1011M (Batista, 2012) , G923V, V952I, H961K, L982W, I1011M, I1011V (Brengues et al., 2003) , V1011M, V1016I (Saavedra-Rodriguez et al., 2007) , and V1016G (Rajatileka et al., 2008) . The mutation in the first base of codon 1016 appears to be important for mosquito resistance due to its high frequency. This mutation is responsible for the change of one valine (Val) to isoleucine (Ile) (Val1016Ile) (Saavedra-Rodriguez et al., 2007) . This resistant phenotype has been observed in Brazil (Brengues et al., 2003; Saavedra-Rodriguez et al., 2007; Piccoli, 2010; Batista, 2012) .
In Santa Catarina State in the south of Brazil, a significant increase in the number of A. aegypti foci has been observed over the past decade (DIVE, 2015) . However, no studies have been conducted on the frequency of kdr occurrence. Therefore, this study's objective was to evaluate the presence and frequency of Val and Ile polymorphisms at the 1016 position in the Na v coding region in A. aegypti populations in the west mesoregion of Santa Catarina.
MATERIAL AND METHODS

Samples
The study was performed using immature A. aegypti individuals obtained from November 2014 to May 2015 in the west mesoregion of Santa Catarina, which is divided into four microregions: Chapecó (30 municipalities), Concórdia (7 municipalities), Joaçaba (12 municipalities), and São Miguel do Oeste (16 municipalities) (Figure 1) .
Overall, 349 specimens were analyzed. They were obtained using ovitraps that were maintained and monitored by the Health Departments of the municipalities, according to the Manual of Technical Standards of the National Health Foundation (FUNASA, 2001) . The specimens were identified as A. aegypti by the Santa Catarina State Board of Epidemiological Vigilance (DIVE/SC), and larvae and pupae were sent to the Laboratory of Infectious and Parasite Diseases in Unoesc (Joaçaba) to determine the resistance genotype (kdr).
DNA extraction
DNA was obtained using Chelex ® (Chelating ion exchange resin) (SIGMA, Darmstadt, Germany), in which samples were macerated in 100 µL sterilized ultrapure water and 100 µL 1X phosphate-buffered saline (PBS), followed by centrifugation at 20,000 g for 2 min. After discarding the supernatant, a solution was made by adding the precipitate to 100 µL 1X PBS, followed by centrifugation at 20,000 g for 2 min. Subsequently, the precipitate was transformed into a solution through shaking for 5 s to release the pellet, with 75 µL sterilized ultrapure water and 25 µL Chelex ® 20% solution. A small hole was then made in the tube surface, and the samples were incubated for 10 min at 90ºC. The samples were then centrifuged for 1 min at 20,000 g, and the supernatant containing the DNA was transferred to a new tube.
Genotyping
Val1016Ile genotypes from the mosquito kdr mutation were determined based on the protocol described by Saavedra-Rodriguez et al. (2007) and Martins et al. (2009) . Three primers were used: one that was specific for the wild allele (Val) (5'-GCG GGC AGG GCG GGG GCG GGG CCA CAA ATT GTT TCC CAC CCG CAC CGG-3'), one that was specific for the mutant allele (Ile) (5'-GCG 145 GGC ACA ATT GTT TCC CAC CCG CAC TGA-3'), and one that was common to both (forward) (5'-GGA TGA ACC GAA ATT GGA CAA AAG C-3'). A polymerase chain reaction was performed in a final volume of 20 µL that contained 1.5 mM MgCl 2 (Ludwig Biotechnology, Porto Alegre, RS, Brazil), 1.0 mM dNTP (Ludwig Biotechnology), 2.5 U Taq DNA polymerase (Ludwig Biotechnology), 1X Taq buffer, 1.0 
Statistical analysis
A comparison of the genotype and allele frequencies among the microregions was performed using the Pearson chi-square test, with a P < 0.05 significance level. The Arlequin 3.1 software was used to calculate the expected (H E ) and observed (H O ) heterozygosities and the Hardy-Weinberg equilibrium (HWE) (Excoffier and Lischer, 2010) .
RESULTS and DISCUSSION
Of the 349 A. aegypti specimens evaluated, 109 (31.0%) were homozygous for Val, 138 (40.0%) were homozygous for Ile, and 102 (29.0%) were heterozygous for Val/ Ile (Figure 3) . Therefore, almost 40% of the individuals analyzed had the kdr mutation that may confer pyrethroid resistance (Saavedra-Rodriguez et al., 2007; Davies et al., 2008) . The highest frequency of Ile/Ile homozygote genotypes was in the Joaçaba microregion (Figure 3 ).
Phenotypes that are resistant to insecticides are only manifested in individuals that are in recessive homozygosis (Ile/Ile) (Saavedra-Rodriguez et al., 2007; Davies et al., 2008 ). An increase in the frequency of mutation 1016Ile in kdr has been reported previously in the Americas (Rodríguez et al., 2005; García et al., 2009; Alvarez et al., 2015) ; in the Brazilian northeast, only heterozygous individuals possess the mutation (Martins et al., 2009; Lima et al., 2011) . Heterozygous individuals have been observed by Alvarez et al. (2015) in Venezuela. Batista (2012) noted that in some cities in São Paulo State, Brazil, the genotype frequency of homozygous Ile was 78%. Considering only southern Brazil, Piccoli (2010) The observed frequencies of wild-type (Val) and mutant (Ile) alleles in the west mesoregion of Santa Catarina were 0.455 and 0.545, respectively (Table 1 ). Joaçaba and Concórdia had significantly higher mutant allele frequencies (0.825 and 0.685, respectively) than the other microregions (P = 0.0005). The high frequency of this allele may be due to the fewer mosquito foci identified by DIVE/SC during the period of the study in Joaçaba (N = 18) and Concórdia (N = 20) than in São Miguel do Oeste (N = 432) or Chapecó (N = 1613) (DIVE, 2015) . Studies performed in other Brazilian regions have reported different frequencies of Ile, which vary between 0.22 and 0.78 in natural populations (Martins et al., 2009; Piccoli, 2010; Lima et al., 2011; Batista, 2012) . However, even with a high frequency of Ile, the Joaçaba and Concórdia populations remain in HWE (Table 1) , which suggests that selection pressure is not occurring in these regions, but these populations should be monitored for an increase in pyrethroid-resistant mosquitoes if control measures are introduced.
In contrast to the Joaçaba and Concórdia populations, the São Miguel do Oeste and Chapecó samples were not in HWE (chi-square > 27; d.f. = 1; P < 0.0001) ( Table 1) . The HWE deviation observed in these two populations may have been caused by a possible initial founder effect, when small A. aegypti populations from other regions started appearing, bringing Ile with them. Such a hypothesis is reasonable, because heavy road transport flows into the west of Santa Catarina from different regions of the country, particularly from regions with a high number of mosquito foci. In these regions, such as the Southeast and Central-West, the presence of the Ile mutation has been confirmed (Martins et al., 2009; Brito et al., 2013; Aguirre-Obando et al., 2016) . In addition, the Southeast and Central-West regions have a direct influence on the dispersion of these mosquitoes to other regions (Julio et al., 2009) . For this reason, the west region of Santa Catarina is considered an emerging region for arbovirus diseases transmitted by A. aegypti, with significant increases in the number of cases and vector foci in recent years (DIVE, 2015) . A founder effect has also been observed in A. gambiae (Santolamazza et al., 2015) and Aedes albopictus (Maia et al., 2009) .
Despite the fitness cost that the Ile mutation confers to the vector (Brito et al., 2013) , the frequency of this allele may have increased after a probable founder effect in these two very small populations. This initially occurred due to the effects of genetic drift (Nei, 1975; Ohta and Gillespie, 1996) , and subsequently or simultaneously occurred due to selection pressure, because from mid-2014 to mid-2015, alpha-cypermethrin, a pyrethroid compound, was used in strategic points in the cities of Chapecó and São Miguel do Oeste (Nascimento JC, personal communication). Domestic insecticides used by the general population may also contain pyrethroids, and these could be an important selection pressure (Aguirre-Obando et al., 2016) .
The H O values were much lower than the H E values, indicating a depletion of heterozygotes and consequently high endogamy, which causes an increase in the number of homozygotes to the detriment of heterozygote numbers (Charlesworth, 2009) . Therefore, considering the initial founder effect and a secondary selection pressure on these two populations, it is possible that the HWE deviation was caused by relatively high levels of endogamy and an excess of homozygotes.
Resistance results from an accelerated evolutionary process in which the mosquito population is under intense selection pressure, resulting in the survival of individuals that possess resistance alleles. Pyrethroids are a selection pressure, and their continuous use may select resistant individuals for survival (Braga and Valle, 2007b) . Studies that have exposed larvae to synthetic insecticides have reported that the selection pressure on the larvae promotes the selection of resistant individuals, increasing the frequency of resistant mosquitoes after exposure (Carvalho et al., 2004) . The identification of these mutations in the field compromises the use of pyrethroids for mosquito control (Saavedra-Rodriguez et al., 2007) . The observed frequency of Ile/Ile homozygous individuals in the west of Santa Catarina State is concerning, because the implementation of synthetic insecticides as a control measure may increase the frequency of this allele through the selection of resistant populations (Braga and Valle, 2007a; Aguirre-Obando et al., 2016) . However, the Ile/Ile genotype carries a fitness cost (Brito et N, total number of mosquitoes per sample; H E , expected heterozygosity; H O , observed heterozygosity; Val, frequency of the Val allele; Ile, frequency of the Ile allele. *P < 0.05, **P < 0.0001. al., 2013), meaning that the wild allele would rapidly increase in frequency in the absence of insecticides (Belinato et al., 2012) . Therefore, the continuous monitoring for resistance in these populations is recommended (Braga and Valle, 2007b; Piccoli, 2010; Lima et al., 2011; Aguirre-Obando et al., 2016) , not only for the mutation Val1016Ile, but also for other mutations that are related to resistance to different synthetic insecticides. It will then be possible to implement different mosquito control strategies, such as different insecticides (Braga and Valle, 2007a) , biological insecticides such as Bacillus thuringiensis serotype israelensis (Bti) (Polanczyk et al., 2003) or others (Lima et al., 2015) , genetically modified mosquitoes (Carvalho et al., 2015) , or mosquitoes infected with the Wolbachia endosymbiont (Almeida et al., 2011) .
CONCLUSIONS
This study evaluated the presence and frequency of the kdr mutation, Val1016Ile, in A. aegypti from the west mesoregion of Santa Catarina, Brazil. The results obtained indicate a high frequency of mosquitoes with a genotype resistant to pyrethroids (Ile/Ile), a pattern similar to other Brazilian regions. A HWE deviation in these mosquito populations may have occurred due to founder effects, elevated endogamy within the populations, and the use of alpha-cypermethrin in some municipalities of the region. The resistant phenotype, as measured by larval bioassay, was not investigated in these populations; however, previous studies have shown that Ile is related to pyrethroid insecticide resistance. Therefore, these populations should be continuously monitored for resistance to insecticides used in A. aegypti control. Our study highlights the need for alternative methods that do not involve the use of synthetic insecticides to control this vector.
